Experimental results are presented which describe the development and structure of flow downstream of a single row of holes with compound angle orientations producing film cooling at high blowing ratios. This film cooling configuration is important because similar arrangements are frequently employed on the first stage of rotating blades of operating gas turbine engines. With this configuration, holes are spaced 6d apart in the spanwise direction, with inclination angles of 24 degrees, and angles of orientation of 50.5 degrees. Blowing ratios range from 1.5 to 4.0 and the ratio of injectant to freestream density is near 1.0. Results show that spanwise averaged adiabatic effectiveness, spanwise-averaged iso-energetic Stanton number ratios, surveys of streamwise mean velocity, and surveys of injectant distributions change by important amounts as the blowing ratio increases. This is due to injectant lift-off from the test surface just downstream of the holes.
INTRODUCTION
nvestigations of film cooling from holes with compound angle orientations are described by Mayle and Camarata (1975) , Kim et al. (1978) , Ligrani et al. (1992, 1994a, 1994b) , Sen et al. (1994) , Schmidt et al. (1994) , and Ekkad et al. (1995a and Ekkad et al. ( , 1995b . Investigations of lateral film cooling injection from holes in spanwise/normal planes are described by Goldstein et al. (1970) , Honami and Fukagawa (1987) , Sathyamurthy and Patankar (1990) , Honami et al. (1994) , and Ligrani et al. (1996a and Ligrani et al. ( , 1996b .
Of the studies of film cooling from compound angle holes, Mayle and Camarata (1975) studied the effects of hole spacing and blowing ratio on heat transfer and film effectiveness for a staggered-hole array. The holes were angled 30 degrees to the plate surface in planes oriented 45 degrees from the flow direction. Spanwise spacings between holes were 8d, 10d and 14d. Higher values of effectiveness were measured downstream of the holes with the smaller spacings. Kim, Moffat and Kays (1978) investigated heat transfer to a full coverage, film-cooled surface with holes having the same angles as employed by Mayle and Camarata (1975) . For one injection temperature and one blowing ratio, Kim et al. (1978) concluded that heat transfer coefficients downstream of the compound angle configuration were half as high as ones measured downstream of simple angle holes slanted 30 degrees from the test surface. Ligrani et al. (1994b) , Sen et al. (1994) , and Schmidt et al. (1994) present results for the same 6d spanwise hole spacing employed here. Of these investigations, Ligrani et al. (1992, 1994a, 1994b ) present results from a systematic investigation conducted to compare results from compound angle and simple angle film hole arrangements. From a comparison of spanwise averaged adiabatic effectiveness values, the compound angle injection configuration provides significantly improved protection compared to the simple angle configuration for the same spanwise hole spacing, normalized streamwise location, and blowing ratio within 60 diameters of the injection holes. Sen et al. (1994) , and Schmidt et (1992, 1994a, 1994b) and by Ramsey (1996a, 1996b The injection system is described by Ligrani, et al. (1992 Ligrani, et al. ( , 1994a Ligrani, et al. ( , 1994b 
Stanton Number Measurements
The heat transfer surface is also described by Ligrani et al. (1992, 1994a, 1994b (1992, 1994a, 1994b) , including a test to check the procedure using a direct "q measurement with a near adiabatic condition on the test plate. differences from the two techniques were always less than experimental uncertainties, which range from 0.01 to 0.03 effectiveness units Ramsey, 1996a, 1996b) . This approach applies only so long as temperature variations are small enough that fluid properties are reasonably invariant as 0 is changed, and as long as fluid properties are reasonably invariant with respect to all three coordinate directions (Ligrani et al., 1992) . In addition, the three-dimensional energy equation which describes the flow field must be linear and homogeneous in its dependent variable, temperature. To meet these conditions, near constant property conditions are maintained throughout the boundary layer by employing low subsonic speeds and temperature differences which are generally less than 30C.
Baseline Data Checks
Baseline data checks were made with no film cooling. Repeated measurements of spanwise-averaged Stanton numbers show good agreement (maximum deviation is 4 percent) with the correlation for turbulent heat transfer to a flat plate with unheated starting length and constant heat flux boundary condition. Ligrani et al. (1992, 1994a, 1994b) provide additional details.
INJECTION CONFIGURATION
The present injection configuration is designated by Ligrani et al. (1992 Ligrani et al. ( , 1994a Ligrani et al. ( , 1994b Figure 3 at all x/d are obtained with m 4.0.
As mentioned, the ratio of injectant to freestream density, Pc/P:, in the present study varies from 0.94 to 1.00. In the first turbine stages of operating gas turbines, the ratio ranges from 1.5 to 2.0. In some cases, the interaction of the injectant with the boundary layer and mainstream flow, and the resulting spanwise-averaged effectiveness and overall film cooling performance, are strongly affected by changing 9c/P:, whereas effects at other experimental conditions can be quite minimal. flattened with the largest gradients in the direction that film is ejected from the surface at y/d ranging from 0.5 to 2.0. Because of the negative spanwise components of velocity at the exits of the film holes, deficits at these m are also displaced about -2.5d to -3.5d by the time they reach x/d 9.9. and 4.0. These distributions are obtained using procedures described by Ligrani et al. (1989) in which the injectant is heated without providing any heat to the test plate. With this approach, the injectant is the only source of thermal energy relative to the freestream flow. Distri- butions of (Tr Tr, :), such as the ones in Figure 6 , thus show how injectant accumulates and is rearranged in the boundary layer by advection including any secondary flows which may be present. Thus, the temperature field is employed here to show injectant distributions in the spanwise/normal plane at x/d 9.9.
For each m, injectant distributions in Figure 6 are spanwise periodic such that individual distributions are similar to each other, as expected. For each m value shown, injectant accumulations at x/d 9.9 are most significant just to the left of the spanwise center lines of the injection holes (i.e. at smaller z). The accumulations for the smaller m are, of course, advected away from the injection holes a smaller distance in the spanwise direction. This spanwise shift with streamwise convection is consistent with the results in figure 5, since injectant accumulations for all four m show close correspondence to streamwise velocity deficits or streamwise mean velocity local maxima. One injectant accumulation is present for each velocity local maxima or local minima such that accumulations generally lie just to the right (i.e. at larger z) of streamwise velocity deficits.
As the blowing ratio increases from 1.5 to 4.0, Figure  6 (1992, 1994b) . In those studies as well as in the present one, both spanwise averaged g and local q minima decrease in magnitude as the blowing ratio increases because of decreased local protection, which results as increasing amounts of injectant are lifted off the test surface.
In Figure 6 , skewed and lop-sided injectant concentrations are evident in the spanwise/normal plane at x/d 9.9 for all four m values. Between these concentrations, well defined deficits of injectant are evident which closely correspond with -q minima (Wigle, 1991) . With streamwise advection to x/d of 44.3 and 86.3, injectant accumulations become more diffuse and dissipated (Wigle, 1991 " Ligrani et al., 1994b . 
PRACTICAL IMPORTANCE
The results presented in this paper are practically important as they are applied to the design of cooling schemes for turbine surfaces located in the first stages of gas turbine engines. Wigle (1991) 
